Dialdehyde carboxymethyl cellulose (DACMC) is a wellknown semi-synthetic biodegrading polysaccharide carrier of physiologically active compounds. It is inert when applied by mouth, and is widely used in pharmacology for the synthesis of polymer drugs. In the case of intramuscular and intravenous introduction, soluble derivatives of DACMC cause an acute immune response, which is stronger the lower the degree of carboxymethylation and the higher the molecular weight of the polymer.
Crosslinked gel-like insoluble derivatives are free of this shortcoming and can be used widely as biodegrading coatings for implants carrying the most varied drugs. The use of DACMC is extremely promising for the creation of slowly degrading materials for the replacement of skin tissue and for artificial periosteum containing protein stimulators of regeneration, wound healing, and vascularisation.
As is known, the degradation of insoluble gel-like implants occurs mainly from the surface, and in this case low-molecular-weight fragments enter the blood, which cause no immune response but are capable of binding with blood proteins. Furthermore, the surface of the gel is itself capable of binding chemically with amino groups of proteins to form a covalent aldimine bond. It is for this reason that knowledge of the chemical structure of oxidised units of DACMC is of fundamental importance.
rESuLTS aND DISCuSSION
Dialdehyde carboxymethyl cellulose was produced by homogeneous periodate oxidation in solution. In the process of oxidation, rupture of the carbon-carbon bond C(2)-C(3) between two vicinal hydroxyls of the anhydroglucose ring occurs. In the CMC molecule, as for other 1-4 polysaccharides, there is only one bond capable of periodate oxidation, and only one oxidised unit variant, in contrast to 1-6 polysaccharides, in which there are two such bonds, C(2)-C(3) and C(3)-C(4), and three structural variants of the oxidised units [1] . This method is further convenient because it readily lends itself to monitoring and makes it possible to minimise secondary reactions (Scheme 1). Monitoring was carried out by UV spectrophotometry from the change in the consumption rate of the periodate ion. It has maximum absorption with a high extinction coefficient in the ultraviolet region of the spectrum at λ = 223 nm.
Scheme 1.
The process proceeds considerably more slowly than in the case of dextrane and starch derivatives, and is completed within 3 h in the dark with a molar ratio of periodate to anhydroglucose unit (AGU) of 1:1 ( Figure 1) . The slowing down of oxidation is possibly caused by the deactivating action of the carboxyl group bound by a hydrogen bond with the hydroxyl on the C(3) atom of the anhydroglucose ring.
By heterophase oxidation it proved impossible to produce a product with a high content of oxidised units. Their greatest number amounted to 15 per 100 averaged AGUs (g ox = 15).
Homophase oxidation makes it possible to produce high-oxidised polymers (g ox = 80). The degree of oxidation can be readily monitored simply from the change in the ratio of reactants, but it is not possible to obtain a completely oxidised polymer with a ratio of NaIO 4 to 100 AGUs of 100 ( Table 1) .
A study of the molecular weight characteristics of DACMC specimens of different degrees of oxidation by gel permeation chromatography showed that during periodate oxidation there is a sharp reduction in the molecular weight and polydispersity, and here the chain rupture is statistical in nature, the molecular weight distribution approaches a Gaussian distribution, and the polydispersity approaches a most probable value n = 2 ( Figure 2 , Table 2 ).
The main reduction in molecular weight falls at the final stage of the reaction, and hydrolysis proceeds with rupture of the already formed oxidised units. A sharp reduction in molecular weight can be avoided if the reaction is conducted at a slightly lower temperature (+10°C) or for a short time and the reaction is not completed. In this way, high-molecular-weight specimens of DACMC with M w = 130 kDa were obtained. The reduction in M w with increase in the content of oxidised units in the polymer clearly indicates the absence of intermolecular crosslinks that might be formed by reaction between the aldehyde and hydroxyl groups of two neighbouring macromolecules. The presence of such crosslinks has until recently remained the subject of debate [2] . 
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The slower oxidation of units containing carboxymethyl substituents at the C(6) atoms leads to unsubstituted rings being the first to be consumed in CMC specimens, and carboxymethylated units being oxidised second. The main oxidation reaction with the formation of dialdehyde is accompanied with secondary reactions in accordance with Scheme 2. The formed products do not contain aldehyde groups. The first reaction is complete oxidation of the dialdehyde to diacid. This reaction is accelerated with increase in temperature and periodate concentration, and also in those cases where the removal of the byproduct -molecular iodine -from the sphere of reaction is difficult. The second reaction -the disproportionation of dialdehyde -ends with the formation of hydroxy acid and is accelerated in an alkaline medium. Both reactions lead to opening of the anhydroglucose ring with the formation of hydrolytically unstable units, by which degradation proceeds readily [3] .
In the IR spectrum of dialdehyde carboxymethyl cellulose, irrespective of the content of oxidised units, the characteristic band of stretching vibrations of carbonyl of the aldehyde group in the 1800 cm −1 region is absent. This band is one of the strongest, has very great molar extinction, and normally appears even with a low content of carbonyl groups in the specimen, not exceeding 1-2 mol% (Figure 3) .
A
13 C NMR study of the spectra of DACMC of different degrees of oxidation showed that aldehyde groups in oxidised units exist not in free form but in the form of cyclic hemiacetals.
In the spectra there are no signals of aldehyde groups in the 195-200 ppm region. In a number of studies an examination has been made of the supposed existence of the hydrated form of aldehyde groups in aqueous solution; however, no such signals were found in the spectra.
In the spectrum of the initial carboxymethyl cellulose (Figure 4) , the 102.77 ppm signal corresponds to the C(1) carbon atom of the anhydroglucose unit of the CMC. The methylene group C(7) at the carboxyl group has a chemical shift of [4] relate to the signal of C′ (6) Analysis of the spectra of DACMC of different degrees of oxidation ( Figure 5) showed that with increase in the degree of oxidation there is a reduction in the intensity of the peaks at 74.62 and 73.58 ppm. This gives grounds for assuming that these peaks relate to the signals of C(2) and C(3) of the anhydroglucose unit of DACMC. The higher the degree of oxidation, the lower is the intensity of these peaks and the lower is the content of carbon atoms in the composition of the polymer.
The signal of the C′(4) carbon atom has a chemical shift of 75.43 ppm. On transition from low-oxidised polymers to high-oxidised polymers, the intensity of this peak hardly changes, which is consistent with the structure of the oxidised product (III).
With increase in the degree of oxidation of DACMC there is an increase both in the number and in the intensity of the peaks in the 85-100 ppm region. These are signals of hemiacetal carbon atoms C-O-C. Increase in the number of signals is connected with increase in the number of possible diastereomer hemiacetal structures.
In high-oxidised polymer, the 99.89 and 99.62 ppm signals correspond to the C″(4) atom, and they undergo 
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a downfield shift on account of a more electronegative substituent appearing at the neighbouring carbon atom C″ (3 It should be pointed out that unmodified anhydroglucose rings are oxidised more rapidly than carboxymethylated rings and are consumed first of all. This is particularly marked in specimens with a low degree of oxidation (g ox < 10) and in the case of the use in the reaction of low-substituted CMC with a degree of carboxymethylation of less than 80. To confirm the structure of the oxidised polymer, an investigation was made of the product of reduction of DACMC by sodium borohydride (Scheme 3). As a result of reduction, opened rings are formed. Here, the polymer loses its water solubility but continues to be soluble in alkaline solution.
The spectrum of reduced DACMC has a complex nature. It contains no signals of hemiacetal bonds C-O-C in the 100-85 ppm region ( Figure 6) . Furthermore, the spectrum contains signals of the anhydroglucose reduced unit (IV): 103.79 ppm -C″′ (1); 81.89 ppm -C″′ (5); 79.80 ppm -C″′ (4); 71.20 ppm -C″′(7); 70.05 ppm -C″′(6). The assignment was based on an incremental scheme for determining chemical shifts.
The signals of carbon C″′(2) and C″′(3) undergo an upfield shift in relation to the initial signals in oxidised carboxymethyl cellulose of C″(2) and C″(3), which is consistent with the structure proposed. Assignment was based on the assumption that in the reduced product the carbon Figure 6 .
C NMR spectra of dialdehyde carboxymethyl cellulose: 1 -CMC; 2 -high-oxidised DACMC; 3 -product of the reduction of high-oxidised polymer

Scheme 3.
atoms C″(2) and C″(3) are bound not with two but only with one oxygen atom.
Comparing the data of NMR spectra taken from an aqueous solution, a solution in aprotic solvent (DMSO), and a solid specimen, it can be assumed that neither in solid state nor in solution does carboxymethyl cellulose contain free aldehyde groups (Figure 7) . This is indicated by the absence of a signal of aldehyde carbon in the spectrum in the 200 ppm region. On the whole, the spectra are identical, with account taken of the obvious difference in resolution.
Thus, on the basis of these data, the main structures of the units in the polymer can be proposed (Scheme 4).
For low-oxidised carboxymethyl cellulose, where, alongside an oxidised unit there is also an unoxidised unit, most probable are the structures V to IX. For mediumoxidised polymers, in which the probability of oxidation of unmodified units of cellulose is fairly high, structures V to VIII and structures X to XII are most probable.
For high-oxidised polymers, in which unoxidised units are practically absent, structures VII and XI are most probable, but units of X and XII are also possible.
EXPErImENTaL
Carboxymethyl cellulose (CMC) of two grades from the US company Ashland was used:
1. Blanose 7MF, batch 070411/2. Linear polymer, cellulose derivative. Degree of carboxymethylation 82%, molecular weight = 712 kDa. Light-yellow powder. Used without additional purification.
2. Blanose 7H9. Linear polymer, cellulose derivative. Degree of carboxymethylation 65%, molecular weight 941 kDa. Light-yellow powder. Supplied by the company Cellulose Esters. Used without additional purification.
To monitor the process, and to study the kinetics of periodate oxidation of CMC, use was made of UV spectroscopy. The absorption spectra were recorded on a SPEKS SSP-715 spectrophotometer in the UV region of the spectrum 190-400 nm. The results were processed using UV-vis Analyst software.
FTIR spectroscopy was used to investigate the chemical structure of oxidised units in specimens of dialdehyde carboxymethyl cellulose (DACMC). IR spectra were taken on a Nicolet 380 instrument in the 400-4000 cm
region with a resolution of 2 cm −1 at room temperature from KBr pellets. For the processing of spectra, use was made of OMNIC software (Thermo Scientific). To increase the sensitivity, use was made of the method of peak deconvolution with approximation by Gaussian and Lorentzian curves and ACDLabs software. Gel permeation chromatography was used to determine the molecular weight distribution of the initial CMC and the obtained DACMC specimens. Analyses were conducted on an Agilent 1200 liquid chromatograph equipped with two detectors connected in series: a refractometric detector and a UV detector with a variable wavelength. Analysis was conducted on Waters Ultrahydrogel 2000, 1000, and 500 columns at a column temperature of 25°C with water heating. As the eluent, use was made of 0.2 M ammonium acetate buffer (pH = 8.4) with a flow rate of 0.5 mL/min. As the standards for calibrating the column, use was made of standard polyacrylamides and polyethylene oxides of narrow molecular weight distribution.
Determination of the viscosity-average molecular weight. The M v was determined in a 0.1 M ammonium acetate buffer on an Ubellohde viscometer. The constants in the Kuhn-Mark-Houwink equation [h] = KM a were determined from the calibration curve plotted using GPC data as an independent method for determining molecular weight. For DACMC with a degree of oxidation of 10-82%, a = 0.69 and lgK = −4.0.
The synthesis of dialdehyde carboxymethyl cellulose. To a solution containing 2 g of CMC sodium salt in 200 mL of distilled water was added a solution of a calculated amount of NaIO 4 . The mixture was left in the dark in a flask with an open neck with stirring for 96 h at room temperature. At the end of the reaction, the mixture was dialysed against distilled water for 24 h with a threefold change in the dialysis water until the dialysate reacted negatively to IO 3 − ion on iodine-starch paper, and then an additional fourth change of dialysis was made, and after 24 h the dialysate was lyophilised. The degree of oxidation of DACMC was determined by reverse iodometric titration. For this, four samples of DACMC, each weighing 20 ± 0.1 mg, were each dissolved in 10 mL of 0.1N NaOH and then stirred for 5 min, 20 mL of 0.01N solution of I 2 was added to each, followed by stirring for a further 30 min, then 12 mL of 0.1N solution of HCl was added to each, followed by titration with a 0.01N solution of Na 2 S 2 O 3 until the mixture turned a pale straw colour. To each flask was added 2 mL of starch solution, with final titration of the light-blue solution until the colour was removed.
The degree of oxidation (g ox ) was calculated by means of the formula:
(1) where, (2) V′ (Na 2 S 2 O 3 ) contr is the correction factor obtained by the titration of sodium thiosulphate with iodine; (3) V(Na 2 S 2 O 3 ) blank is the volume going on titration of unoxidised carboxymethyl cellulose by sodium thiosulphate (blank test), V(Na 2 S 2 O 3 ) contr is the volume going on titration of dialdehyde carboxymethyl cellulose by sodium thiosulphate, and g is the weight of the polymer sample.
The reduction of dialdehyde carboxymethyl cellulose.
To a sample of 0.2 g of DACMC (degree of oxidation 80.4) dissolved in 10 mL of distilled water was added an aqueous solution of sodium borohydride (NaBH 4 ) containing fivefold molar excess borohydride in terms of the molar content of oxidised units in the polymer. The reaction mixture was titrated with a 0.1N solution
